Abstract. New fully aromatic poly(phosphazene-aryl amides) were prepared by polycondensation reaction of our synthesized aromatic diamine: 1,1,3,5-tetraphenoxy-4,6-bis(4-aminophenoxy)oligocyclotriphosphazene (monomer 1) with terephthaloyl dichloride. Their chemical structure and composition were characterized by elemental analysis, 1 H and 31 P NMR (Nuclear Magnetic Resonance), and FT-IR (Fourier transform infrared) spectroscopy, whereas their thermal degradation properties were determined by DSC (Differential Scanning Calorimetry) and TGA (Thermal Gravimertic Analysis) techniques. The solid residues of all samples were analysed by FT-IR and SEM (Scanning Electron Microscopy). Compared to conventional PPTA (poly(p-phenylene terephthamide)), PPAA (poly(phosphazene-aryl amide)) shows excellent thermal stability and solubility in polar protic solvents. All poly(phosphazene-aryl amides) show two thermal degradation in the temperature range 150-600°C. The monomer 1, due to its structure, shows the first maximum rate of thermal decomposition temperature around 150-350°C, which may be due to the decomposition of the P-O-C bone. Morphology of the solid residues by Scanning Electron Microscope exhibit that the granular of the solid residues gradual disappearance with the increase of monomer 1 content. The surface layer of PPAA solid residues has been grumous, for the syneresis of P-O-P took place.
Introduction
Polyamides are considered to be high-performance organic materials due to their outstanding thermal and mechanical properties [1] [2] [3] . Their properties arise from their aromatic structure and amide linkages. However, the poor solubility, high softening and melting temperatures caused by high crystallinity and high stiffness of polymer backbone hamper the processing of aromatic polyamides. What's more, the properties can be easily tailored through changing their molecular chain structure [4] [5] [6] . The strategies which have been employed for solubility increase in aromatic polyamides are lateral substitution and the distortion of the rigid character introducing non-planar, kinked or flexible parts in the main chain. Research efforts are therefore underway to take advantage of their properties, enhance their machinability, solubility and incorporate new chemical functionalities in the polyamide backbone or lateral structure, so that their applicability is expanded and remains on the forefront of scientific research [7] [8] [9] . Vapor phase lubrication has been proposed as a scheme for lubrication of high efficiency engines operating at temperature outside the range in which any fluid lubricants can be used [10] [11] [12] [13] [14] [15] [16] . These applications include gas-turbines which operate with bearing temperatures in excess of 500°C. The most commonly used vapor phase lubricants for these applications are the aryl phosphates and in particular tricresyl phosphate [17] .
In our research, we decide to synthesize a new aromatic phosphazene diamine monomer 1 and use it for the synthesis of new fully aromatic poly(phosphazene-aryl amides), in order to investigate their thermal behavior. These data will be fundamental for the following syntheses of known and commercial polyamides containing different mol% of monomer 1. Also its will be used as the additiontype monomers selected on the basis of the tribopolymerization concept in Vapor phase lubrication study. Thus, in the present work we report the synthesis and characterization either of the monomer 1 and their fully aromatic polyamides. Their physical chemistry properties including intrinsic viscosity, solubility behavior, crystallization behavior, thermal properties and degradation behavior are studied.
Experimental 2.1. Materials
Hexachlorocyclotriphosphazene (HCCP, self-made) was purified by recrystallization from dry n-heptane and subsequent sublimation twice [18] . 4, 4-diaminodiphenyl ether (ODA) was used as received from Sinopharm Chemical Regents Co. Ltd (99%, Shanghai, China). Phenol was recrystallized from pentane. Tetrahydrofurane (THF) was dried over and distilled from sodium/benzophenone. Triethylamine (TEA) was distilled onto molecular sieves. N-methyl-2-pyrrolidinone (NMP) was dried over phosphorous pentoxide and distilled under reduced pressure. Terephthaloyl chloride (TPC) was purified by recrystallization form anhydrous hexane. pPhenylenediamine (PPD) was purified by vacuum distillation. Lithium chloride (LiCl) was dried for 8 h at 170 under vacuum. All chemicals and solvents were provided commercially by Sinopharm Chemical Regents Co. Ltd (China) and used without further purification unless otherwise noted. All glassware was dried in an oven under vacuum before use. 1,1,3 ,5-tetraphenoxy-4,6-bis(4-aminophenoxy)oligocyclotriphosphazene (monomer 1) The preparation of monomer 1 involved two steps: In the first step, NaH (9.6 g, 0.40 mol) was dissolved in 20 ml THF under stirring and nitrogen atmosphere. To this, a solution of THF (50 ml) dissolving phenol (37.65 g, 0.40 mol) was added dropwise. The temperature of reaction mixture was maintained at room temperature for 2 hours and then added this solution dropwise to a solution of HCCP (34.8 g, 0.10 mol) in 100 ml of THF at room temperature for 24 hours. Then, after THF removed by rotary evaporation, the reaction mixture was to be purified by ethanol and deionized water three times. Finally, the product I (bis-chlorinetetraphenoxycyclotriphosphazene) was dried under vacuum at 60 C for 12 h. In the second step, a solution of the product I (45.25 g, 0.050 mol) in 100 ml of THF was added dropwise to a solution of ODA (20 g, 0.10 mol) and TEA (10.05 g, 0.10 mol) in 100 ml of THF at room temperature. After completion of the addition in 2 h, the mixture was stirred and refluxed at 40°C for 12 h. Then, the reaction mixture was cooled to room temperature. THF was removed by distillation under reduced pressure. The residue was washed with methanol and deionized water three times, and then dried over anhydrous magnesium sulfate. Finally, the product II (monomer 1) was dried under vacuum at 60°C. 
Synthesis of
FTIR [cm -1 ]: 3325 (! N-H ), 1580 (! Ph ), 1160 (! C-O-C ), 1230 (! P=N ), 940 (! P-O-Ph ),
poly(phosphazene-aryl amides) In a typical experiment, polyamide PPAA, which derived from monomer 1 and TPC, was prepared as follows: A two-necked flask equipped with a dropping funnel and gas inlet tube was charged with a solution of monomer 1 (9.21 g, 0.01 mol) and pyridine (1.55 g) in 20 ml of NMP, to which TPC (2.04 g, 0.01 mol) was added with stirring under N 2 . The mixture was firstly stirred at 0°C for 0.5 h, then at room temperature for 7 h to yield a viscous polyamide solution. Then the solution was trickled into excess ethanol with stirring to afford a precipitate. The precipitate was filtered, washed with hot ethanol for three times, purified by Soxhlet extractor (Acetone as solvent) for 12 h, then washed three times with deionized water and dried at 120°C under vacuum for 6 h to give polyamide PPAA (yield: 88.2%). Other polyamides, PPTA (yield: 93.4%), PA-7030 (yield: 89.2%), PA-5050 (yield: 91.6%), PA-3070 (yield: 88.7%), were synthesized by similar procedure. The chemical compositions of the polyamides are listed in Table 1 . All composites described were synthesized by similar methods as Figure 1 .
Measurements
FT-IR spectra of all samples were recorded using polymer granule on a Perkin-Elmer Wellesley MA spectrophotometer. The ( 1 H and 31 P) NMR spectra were recorded on a Varian DRX 400 NMR spectrometer (Varian NMR Instruments) with the operating frequency at 400 MHz using CDCl 3 or DMSO as a solvent, using TMS as inner reference and H 3 PO 4 (85%) as external reference. Elemental analysis was carried out using a Heraeus CHN-O rapid elemental analyzer (United States) with acetanilide as a standard. The intrinsic viscosities of polyamides were measured at a concentration of 0.5 g/dl in concentrated sulfuric acid, at 30±0.2. The numbers were counted by measured value from suspended level Ubbelohde viscometer. Gel permeation chromatographic analysis (GPC) was carried out on a PL GPC 50 plus evaporative mass detector instrument (United States). Dimethylformamide (DMF) was used as mobile phase after calibration with polystyrene standards of known molecular weights. Thermogravimetric analysis (TGA) was performed on a TGA 7 instrument (PerkinElmer) thermal analysis system. Sample weight taken was 2-4 mg. DSC analysis was carried out on a Perkin-Elmer Pyris 2 DSC analyzer (PerkinElmer), at a heating rate of 10°C/min in nitrogen atmosphere. Sample weight taken was 15-20 mg. Wide-angle X-ray scattering measurements were performed on a Bruker AXS-D8 Avance X-ray diffractometer (Germany) with a copper target (40 kV, 15 mA). The microstructures of solid residues were recorded using a Cambridge S250MK3 scanning electron microscope (U.K.). The solid residue of the samples degraded to various extents was also prepared using the TGA instrument under nitrogen atmosphere. The materials were heated from room temperature to 600°C with a heating rate of 20°C/min, and then rapidly cooling the residue to room temperature.
Results and discussion 3.1. Synthesis and characterization of monomer 1 and poly(phosphazene-aryl amides)
The main objective of this study is to produce novel polyamide with high residual rate (upon 50% at 600°C), improved solubility and processability without too much sacrificing of their thermal and mechanical properties. The polyamide yields a high char residue at 600°C and contains plenty of phosphors element which can be used as surface chemical promoter to achieve good lubricity effect. Cyclic phos- phazenes are found with both planar and puckered phosphorus-nitrogen rings. The length of a phosphorus-nitrogen single bond in cyclophosphazene is in the range of 1.47-1.62 Å, and this due to an appreciable contraction. The shortest skeletal bonds are associated with highly electronegative substituents. " and "-# bonds are observed in the neutral system. These heterocycles have polar groups, imparting an additional dipole moment to the molecule, and hence they can interact with each other and alter the properties of the polymers containing these groups. So in order to examine the presence of cyclophosphazene groups in the polyamides backbone, aromatic diamine containing phosphazene groups and poly(phosphazenen-aryl amides) were synthesized. Benzene rings were also introduced in the chain in order to render high thermal stability and other properties. The monomer 1, which is a new phosphazene aromatic diamine, was synthesized according to Figure 1 through a two-step route by nucleophilic substitution reaction. The nucleophile aromatic substitution for chlorine reaction is a moderate synthesis reaction. On the basis of the results found in the synthesis of the amide model compounds above described, the novel poly(phosphazene-aryl amides) were prepared by solution polycondensation reaction. This synthetic route though it might lead to low molecular weight materials, represents a clean and bland pathway which allows for the control of the chemistry involved. In order to obtain a more complete and reliable chemical characterization, the synthesized monomer 1, was also investigated by FT-IR technique. The spectrum is shown in Figure 2 . The monomer shows a strong absorption band at 1230 cm -1 due to the P=N stretch, while the absorption band at 875 cm -1 due to the P-N stretch. The broad band at 1490 and 1580 cm -1 corresponds to the benzene ring in AOPP. It also shows strong absorption peaks at 1050 cm -1 , at 940 and 3320 cm -1 due to the C-O-C stretch, P-O-Ar stretch and N-H stretching, respectively. The FT-IR spectra of the poly(phosphazene-aryl amides) shown in Figure 3 present the characteristic absorption bands due to eh stretching of the -NHamide groups along the chain in the range 3000-3500 cm -1 , while the stretching of the polyphosp- hazene groups give a wide band at 1200 cm -1 . Characteristic bands due to the aromatic polyamides were observed, for example, at 1655 cm -1 [amide I (C=O stretching mode)] and 1530 cm -1 [amide II (coupling of C-N stretching and N-H in-plane bending modes)]. Very similar FT-IR spectra were achieved for fully aromatic polyphosphazene polyamides (Table 1) . In conclusions, the inspection reveals that the novel poly(phosphazene-aryl amides) synthesized and discussed in the present work can be well characterized and distinguished applying these powerful methods.
Solubility and Intrinsic viscosity of the poly(phosphazene-aryl amide)
The solubility of the fully aromatic poly(phosphazene-aryl amide) was tested in various solvents at 1 wt% concentration and the results are summarized in Table 2 . The new polyamide (PPAA) was readily soluble in highly polar solvents such as DMF, DMAc, DMSO and NMP at room temperature or upon heating. The high-solubility nature of PPAA can be explained by the presence of polypolyphosphazene groups. Because of these voluminous groups, the packing of the polymer chains in tight structures through hydrogen bonding between amide groups is prevented and, consequently, the solvent molecules can easily diffuse into the polymer chain. The increased solubility of these polyamides is mainly due to their amorphous character. And the solubility of the materials is similar to those of conventional maramids. All the X-ray diffraction diagrams of polyamides gave predominately amorphous patterns (Figure 4) . The stereo structure of PPAA is shown in Figure 4 . In order to estimate the molecular weights of the polyamide products, their intrinsic viscosities ($ inh ) were measured using an Ubbelohde viscometer with concentrated sulfuric acid at 30±0.2°C. Meanwhile, the weight-average molecular weights (M w ) and polydispersities PD (= M w /M n ) of the polyamide was estimated by GPC measurements in DMF. The values are all listed in Table 3 . The testing data indicate that the polymers have quite a narrow molecular weight distribution and a low quantity of oligomers.
Crystallinity of our synthesized
poly(phosphazene-aryl amides) In order to study the crystalline or amorphous nature of the polyamides, WAXD measurements at room temperature were performed. Typical wide-angle X-ray diffractograms of the powder polyamides are illustrated in Figure 5 . The powder samples were pulps which obtained after precipitation from solution (synthesis), without through spinning and fiber processing processes. From the curves we can see that there are two dispersion peaks at 2% = 20.5 and 23.5° for PPTA, which indicates PPTA has low crystallinity. But, there are no sharp peaks in the PPAA. It proves that PPAA is amorphous. This can be attributable to the introduction of polyphosphazene groups, which weakens the regular structure of molecular chains, reduces the rigidity and therefore disrupts the crystallization capacity of the polyamides. Thus, the amorphous structure of this polyamide also reflected in its excellent solubility as can be observed in Table 2 .
Thermal properties of the polyamides
The thermal properties and stability of all poly (phosphazene-aryl amides) were studied by DSC and TGA techniques, respectively, and the data are reported in Table 4 . As can be observed, in Table 2 the poly(phosphazene-aryl amides) are amorphous samples with a glass transition (T g ) of 85°C. For the compounds PA-7030, PA-5050 and PA-3070 we expect a high Tg values similar to PPTA, which have a T g values higher than 120°C. And the T g values decreased with decreasing rigidity and symmetry of the polymer backbone, which is due to the increase of monomer 1 content. The thermal stabilities of the poly(phosphazenearyl amides) were evaluated by TGA at 20°C/min up to 600°C under nitrogen. Figure 6 shows a typical temperature dependence profile of the polyamides weight loss. The PPTA sample presents a maximum rate of the thermal decomposition temperature at 512°C, yielding a char residue of 58.68% at 600°C, while a char residue of 55.58% at 600°C was observed in the thermal decomposition of the PPAA, of 66.55% for the PA-7030, of 61.27% for the PA-5050, and of 56.56% for the PA-3070. The two decomposition steps for PPAA occur at 180.7°C and 271.5°C, respectively. The weight loss of PPTA at around 100-150°C is due to the evaporation of absorbed moisture. The PPAA loss 7% of the sample in the temperature range 150-250°C, and another 35.42% in the range 250-600°C. PPTA sample loss 35.32% of the sample in temperature range 455-600°C. Comparing the curves in Figure 5 , it emerges that the first decomposition step of the monomer 1 occurs around 150-350°C. This is attributed to the less stable of the P-O-C bone linkage, as reported for other polymeric systems containing similar polyphosphazene groups [19, 20] . It also determines the lower thermal stability of the fully aromatic polyphosphazene polyamides with respect to their no-polyphosphazene samples. A pleasant surprise from the curves, we can confirm that PA-3070 and PA-5050 show higher char yields than PPTA. It can be readily attributed to the inherent thermal-stability properties of the polyphosphazene cores. With the presence of a small amount of polyphosphazene diamine, cross-linking and gela- Figure 6 . TGA curves for the polyamides tion occurs in the decomposition. As the network structure and gelation can inhibit the production of small molecules, the higher char yield is an effect of achieving synergy between the individual units.
Thermal degradation properties
The TGA results indicated that polyphosphazenes play an important roals in increasing the themal stability of poly(phosphazene-aryl amides) at elevated temperatures. However, its stability at lower temperatures decreases. To further investigate their influence, the residues of the polyamides samples obtained from the TGA measurements, from room temperature to 600°C with a heating rate of 20°C/min in air, were analyzed by FT-IR and SEM. Figure 7 illustrates the FT-IR spectra of the pyrolysis residues. In the FT-IR spectra of poly(phosphazene-aryl amides) samples, the absorption peak at 940 cm -1 due to P-O-C bone and the absorption peak at 1500 cm -1 due to N-H bending and C-N stretching disappear. The characteristic absorption peaks for P=N at about 1230 cm -1 , P-N at 875 cm -1 and for ether group at 1180 also disappear. However, a few new peaks appear at 1056 cm -1 , which might be ascribed to the generation of P-O-P. Similar to the mechanism which has been reported [20, 21] . The obtained structure could act as an acid catalyst, accelerating the cleavage of side groups and the breaking of ether groups in poly(phosphazene-aryl amides). Then, the polyamides react to form more stable structures. The appearance of P-O-P group is considered as crosslinking to different species, resulting in the formation of complex phosphorus structures. This is why the thermal degradation of the poly(phosphazene-aryl amides) is much slower than PPTA at above 500°C. The morphology of the solid residues was observed by Scanning Electron Microscope (Figure 8 ). The surface of monomer 1 (Figure 8f) residues exhibits a porous texture reverse to the lump of PPTA (Figure 8a ). Comparing with the pictures (Figure 8 ), we can see that the granular of the solid residues gradual disappearance with the increase of monomer 1 content. The surface layer of PPAA solid residues has been grumous, for the syneresis of P-O-P took place. It proves that the cyclotriphosphazene moieties produce phosphoric acid or metaphosphoric acid during pyrolysis which acts in the condensed phase promoting char formation on the surface.
LOI values of
poly(phosphazene-aryl amides) Char yield can be applied as decisive factor for estimating limiting oxygen index (LOI) of the polymers based on Van Krevelen and Hoftyzer equation [22] (Equation (1) 
where CR -Char yield (the data are reported in Table 2 ). Thus, the LOI values are speculated from TGA date, not experimental burning data. The values of LOI are plotted in Figure 9 . The average values of LOI for the two polyamides are represented by the dotted lines connecting the points for the two pure components (PPTA and PPAA). The poly(phosphazene-aryl amides) had LOI values calculated derived from their char yield was high than 39. On the basis of LOI values, such macromolecules can be classified as self-extinguishing polymers.
Conclusions
New kinds of poly(phosphazene-aryl amides) were prepared by polycondensation in solution of the our synthesized monomer 1 with terephthaloyl dichloride. The monomer 1 was characterized by elemental analysis, 1 H NMR, 31 P NMR and FT-IR techniques to verify its chemical structure. The results confirm this successful synthesis. The investigation on thermal properties shows that the thermal stability of our synthesized fully aromatic polyphosphazene polyamides are strong determined by the presence of the polyphosphazene groups in the polymer chains. They thermally degradation in two steps, and this behavior may be due to the decomposition of the P-O-C bone and aromatic bones. The surface of monomer 1 solid residues exhibits a porous texture with the scanning electron microscope. During pyrolysis, polyphosphazene not only acted in the condensed phase to promote char formation at the surface but also promoted gelation to restrain pyrolysis indirectly. 
